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Hepatitis C virus (HCV) internal non-structural protein 3 (NS3) cleavage can occur in trans in the
presence of NS4A. In this study, we have further demonstrated a critical role of the helicase domain
in the internal NS3 cleavage, different from HCV polyprotein processing which requires only the ser-
ine protease domain. The NTPase domain of NS3 helicase interacts with the RNA binding domain to
facilitate internal NS3 cleavage. In addition, NS3 protease activity contributes to the transforming
ability of the major internal cleavage product NS3(1–402). These ﬁndings imply important roles of
the internal cleavage and protease activity of the NS3 protein in the pathogenesis of HCV.
Structured summary:
MINT-7306465: NS3 (uniprotkb:P29846) physically interacts (MI:0915) with NS3 (uniprotkb:P29846) by
anti tag coimmunoprecipitation (MI:0007).
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction RNA helicases [10,11] and can be structurally divided into NTPaseHepatitis C virus (HCV) possesses a single-stranded positive-
sense RNA genome. The genomic RNA encodes a polyprotein pre-
cursor that can be further processed by host and viral proteases
to form individual proteins. The non-structural protein 3 (NS3) is
a multiple functional protein; it consists of serine protease domain
at the N terminus and RNA helicase domain at the C terminus. The
NS3 protein is essential for processing the viral polyprotein precur-
sor and is responsible for the internal NS3 cleavage activity [1–4].
Both polyprotein processing and internal NS3 cleavage require
NS4A as a cofactor but the molecular mechanisms of NS4A in-
volved in these two proteolytic cleavages could be different [1].
Crystal structures of both the NS3 protease [5,6] and helicase
[7–9] have been determined. The NS3 protease has a chymotryp-
sin-like fold, with His57, Asp81 and Ser139 being the catalytic
triad. NS4A peptide forms complex with NS3 protease by interca-
lating within a b sheet of the protease core. The NS3 helicase do-
main contains conserved sequences of the DEAD box family ofchemical Societies. Published by E
rferon; NS3, non-structural
crobiology, National Taiwan
t Section, Taipei 100, Taiwan.
g).domain, RNA binding domain and a helical domain [7]. The con-
served AX4GKS Walker A nucleotide binding motif is located at
the periphery of the NTPase domain and is followed by the DECH
Walker B nucleoside triphosphate (NTP) binding-hydrolysis motif
on a loop structure. The QRRGRTGR arginine-rich motif that has
been previously demonstrated to be involved in RNA binding and
unwinding, as well as ATP-hydrolysis [12] is located on the RNA
binding domain; whereas the TAT RNA unwinding motif localizes
on the ﬂexible hinge connecting the NTPase and the RNA binding
domain. The structural analysis also suggested the formation of a
NS3 helicase dimer. Interfaces are formed through interactions be-
tween the NTPase domain of one helicase molecule and the RNA
binding domain of a second helicase molecule [7]. Our recent study
has functionally demonstrated an internal NS3 cleavage that can
occur in trans [1]. This provides evidence that intermolecular inter-
actions do happen with the HCV NS3 protein.
In this study, we found that the NS3 protease domain is sufﬁ-
cient for HCV polyprotein processing, but internal NS3 cleavage
in trans requires interactions between amino acid residues in the
NTPase domain and the RNA binding domain of the NS3 helicase.
In addition, NS3 serine protease activity is required for maintaining
the transforming ability of the major internal NS3 cleavage prod-
uct, NS3(1–402), suggesting a critical role of the NS3 protease in
the pathogenesis of HCV.lsevier B.V. All rights reserved.
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2.1. Plasmids
2.1.1. pcDNA-NS3-V5HisTopo, pcDNA-NS3pd-V5HisTopo,
pcDNA-NS4A-V5HisTopo, pcDNA-NS(4B-5An)-V5HisTopo,
and NS3 deletion mutant plasmids
Plasmid pcDNA-NS3-V5HisTopo encodes the full-length NS3
protein of HCV genotype 1b (Taiwanese strain, AM494937) with
Leu-94, Leu-104, and Ile-153 in the NS3 protease domain, whereas
pcDNA-NS3pd-V5HisTopo encodes a protease-deﬁcient NS3 pro-
tein and was derived from a variant clone bearing Met-94, Pro-
104, and Asn-153. Plasmid pcDNA-NS4A-V5HisTopo encodes the
full-length NS4A of the HCV genotype 1b (Taiwanese strain). Plas-
mid pcDNA-NS(4B-5An)-V5HisTopo encodes a NS4B-NS5A protein
that contains the full-length NS4B and the N-terminal 155 amino
acid residues of NS5A and was used as the substrate in the polypro-
tein processing activity assay [1]. Additional pcDNA-X-V5HisTopo
plasmids include those encoding deletion mutants NS3(1–181),
NS3(1–223), NS3(1–313), NS3(1–369), NS3(1–402), and NS3(1–
462), the NTPase domain NS3(190–328), and the RNA binding do-
main NS3(327–484). In this study, NS3(1–181) that represents the
protease domain of NS3 is designated as NS3p.
2.1.2. Substitution mutant plasmids
Plasmids pcDNA-NS3(H57A)-V5HisTopo, pcDNA-NS3(mSS)-
V5HisTopo, and pcDNA-NS3(mHSS)-V5HisTopo encode NS3
(H57A), NS3(mSS), and NS3(mHSS), representing NS3 catalytic
triad mutants with alanine substitutions at H57, S138/S139, and
H57/S138/S139, respectively. Plasmid pcDNA-NS3(mGSKYK)-
V5HisTopo encodes NS3(mGSKYK) protein mutated in the NTPaseFig. 1. Interactions between two NS3 helicase domains. The dimer formed by two NS3 h
identiﬁed by analyzing the published structure (code 8OHM) [7]. In panel A, the two pro
trans interactions (enclosed by the red circle) between the NTPase domain (green) and th
Swiss-Pdb Viewer [15].domain at G207/S208/K213/Y241/K244. Other plasmids and their
constructions are described in Supplementary data.
2.2. Cell lines, DNA transfection, and soft agar assay
Huh7 cells (a human hepatoma cell line), NIH 3T3 cells (a
mouse ﬁbroblast cell line) and 293FT cells (a derivative of 293 cells,
a human embryonic kidney cell line; Invitrogen) were maintained
at 37 C in Dulbecco’s modiﬁed Eagle’s medium supplemented
with 10% fetal bovine serum plus 100 units of penicillin and
100 lg of streptomycin/ml. Expression of recombinant proteins
was performed in Huh7 cells by DNA transfection with the Lipofec-
tin reagent (Invitrogen) as described previously [13] or in NIH 3T3
and 293FT cells with the Lipofectamine 2000 reagent (Invitrogen).
Soft agar assay was carried out in NIH3T3 cells as previously de-
scribed [1].
2.3. Other methods
Coimmunoprecipitation, Western blot analysis, and analysis of
polyprotein processing activity and internal NS3 cleavage activity
were performed as previously described [1,14].
3. Results and discussion
3.1. The intermolecular interactions of NS3 proteins
Our earlier ﬁnding that the internal NS3 cleavage can occur in
trans suggested the existence of intermolecular interactions of
NS3 proteins [1]. Previous structural analysis also suggested the
formation of NS3 helicase dimer [7]. We therefore proposed thatelicase domains (A) and amino acid residues located at the dimer interface (B) were
tomers were shown in white and color, respectively. Residues participating in the in
e RNA binding domain (white) are indicated in panel B. This ﬁgure was prepared by
484 R.-Y. Pan et al. / FEBS Letters 584 (2010) 482–486interactions between helicase domains of two NS3 molecules facil-
itate the internal NS3 cleavage in trans. In this study, amino acid
residues that may participate in the intermolecular interaction
were recognized by close examination of the NS3 structure [7]
using the Swiss-Pdb Viewer software [15]. This revealed the forma-Fig. 2. Amino acid residues important for the internal NS3 cleavage activity. (A) Coim
cotransfected with plasmids encoding the V5-tagged NS3(190–328) and the V5His-tagg
lysates harvested 2 days posttransfection were subjected to coimmunoprecipitation (I
followed by Western blot analysis with anti-V5 monoclonal antibody (Invitrogen). Inp
controls (lanes 1 and 2). (B and C) Effects of amino acid substitutions on the internal N
activity, Huh7 cells were cotransfected with plasmids encoding the V5His-tagged NS4A
(panel B). For analysis of polyprotein processing activity, an additional plasmid encoding
Cell lysates were harvested 2 days posttransfection for Western blot analysis with anti-V
GAPDH polyclonal antibody (sc-25778; Santa Cruz Biotech) was used to detect endoge
calculated by dividing the intensities of the cleavage products to the sum of the un-clea
obtained by normalizing the internal NS3 cleavage activities of the mutant proteins (lan
experiments.tion of NS3 helicase dimer mediated by intermolecular interactions
between the NTPase domain and the RNA binding domain (Fig. 1A).
Potential interacting amino acid residues include the pairs of
G207-R470, K213-R470, Y241-R470, S208-P334, K213-E337, and
K244-R474 (Fig. 1B). Among these, Y241-R470 and K213-E337munoprecipitation of NS3(190–328) and NS3(327–484) proteins. Huh7 cells were
ed NS3(327–484) (lanes 2 and 4) or control vector (lanes 1 and 3) as indicated. Cell
P, lanes 3 and 4) with anti-His polyclonal antibody (sc-804; Santa Cruz Biotech)
uts represent 10% of the cell lysates used in the coimmunoprecipitation assay as
S3 cleavage and polyprotein processing. For analysis of the internal NS3 cleavage
, and the wild type (NS3) or a mutant form of the NS3-V5His protein as indicated
the V5His-tagged NS(4B-5An) substrate was co-introduced into the cells (panel C).
5 antibody. NS5A(1–155) represents the polyprotein processing product. The anti-
nous GAPDH protein as the internal control. Internal NS3 cleavage activities were
ved NS3 and the cleaved products. Relative cleavage activity shown in panel B was
es 2–5, 7, and 9) to that of the wild type NS3 (lanes 1, 6, and 8) in each set of the
Fig. 3. Internal cleavage and polyprotein processing activities of NS3 deletion
mutants. (A) In trans internal NS3 cleavage activity of NS3 deletion mutants. (B)
Polyprotein processing activity of NS3 deletion mutants. Transfection was per-
formed in Huh7 cells with plasmids encoding recombinant proteins as indicated.
Western blot analysis was performed as described in the legend to Fig. 2. In panel A,
Huh7 cells cotransfected with plasmids encoding V5His-tagged NS4A and the wild
type NS3 was used as a positive control (lane 1). In panel B, Huh7 cells cotransfected
with plasmids encoding V5His-tagged NS4A, NS3(mHSS), and the NS(4B-5An)
processing substrate were used as a negative control (lane 8).
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more atoms involved in the interactions (Detailed interacting
forces refer to Supplementary Table 1).
To examine the interaction between the NTPase and the RNA
binding domain, plasmid encoding NS3(190–328) that represents
NS3 from amino acids 190 to 328 with the NTPase domain and
plasmid encoding NS3(327–484) that represents NS3 from amino
acids 327 to 484 with the RNA binding domain, were constructed
and co-transfected into Huh7 cells. Two days posttransfection, cells
were harvested and subjected to coimmunoprecipitation assay. As
shown in Fig. 2A, NS3(190–328) coimmunoprecipitated with
NS3(327–484) (lane 4) but not with the vector control (lane 3).
These results indicated a speciﬁc interaction between the NTPase
domain and the RNA binding domain of the NS3 protein.
Amino acid residues that are involved in the intermolecular
interaction of NS3 protein were functionally examined by analyz-
ing the internal NS3 cleavage activities of various NS3 proteins that
have been mutated at the potential interacting residues. Results
from initial studies with single amino acid substitutions in the
NS3 protein showed little effect on internal cleavage (data not
shown). Nevertheless, when multiple substitutions were intro-
duced, reduced internal NS3 cleavage activities were observed for
NS3(G207A/S208A/K213A), NS3(Y241A/K244A), NS3(G207A/
S208A/K213A/Y241A/K244A) (Fig. 2B, lanes 3–5, by comparing
the relative cleavage activity with lane 1), NS3(K213A/E337A/
E338A) (lane 7, by comparing with lane 6) and NS3(R470A/
R474A) (lane 9, by comparing with lane 8). Together with the
observations from structural analysis (Fig. 1B), these results sug-
gested important roles of Y241-R470, K213-R470, and K213-E337
interactions for internal NS3 cleavage in trans. Amino acid substitu-
tions at K213 and Y241 in the NTPase domain and E337 and R470
in the RNA binding domain may inﬂuence the intermolecular inter-
actions and thus block the internal NS3 cleavage supplied in trans.
However, the internal NS3 cleavage activities were not completely
abolished even with the NS3(G207A/S208A/K213A/Y241A/K244A)
mutant (Fig. 2B, lane 5), suggesting the existence of additional
mechanisms for internal NS3 cleavage in cis.
On the other hand, NS3(H57A), NS3(mSS) and NS3(mHSS) mu-
tants, in which amino acid substitutions have been generated at
the catalytic triad of the NS3 serine protease, had completely lost
their abilities in internal NS3 cleavage and in proteolytic cleavage
of the HCV polyprotein processing substrate NS(4B-5An) (Fig. 2C,
lanes 3–5), similar to the protease activity-deﬁcient NS3pd protein
we have previously described [1] (lane 2). These results indicate
that the catalytic triad of the NS3 protease is necessary for both
internal NS3 cleavage and polyprotein processing activities.
3.2. The minimum lengths of the NS3 protein required for internal NS3
cleavage and for viral polyprotein processing
HCV NS3 protein contains 631 amino acid residues. To pinpoint
the essential motif for the internal NS3 cleavage activity,
NS3(mHSS) mutant that was earlier shown to possess no cleavage
ability (Fig. 2C, lane 5) was used as a substrate to examine the in
trans internal cleavage function of NS3 deletion mutants. NS3 dele-
tion mutants analyzed in this study include NS3p that contains the
NS3 protease domain from amino acid residues 1 to 181, NS3(1–
223) that extends C-terminally to the NTP-binding motif, NS3(1–
313) that contains the NTP-binding and NTP-hydrolysis motifs,
and the internal cleavage products NS3(1–369), NS3(1–402) and
NS3(1–462). Huh7 cells expressing various NS3 deletion mutants
in the presence of NS4A and NS3(mHSS) were examined for the
internal cleavage activities in trans. As shown in Fig. 3A, all of the
NS3 deletion mutants retained the ability to cleave the NS3(mHSS)
substrate in trans (lanes 3–7) except for the NS3p (lane 2), even
though at a much lower efﬁciency than the control experimentin which wild type NS3 was used as the substrate for internal
cleavage (lane 1).
Since NS3p is the only mutant in which AX4GKS ATP-binding
motif has been deleted, we further examined whether protease
activity responsible for internal NS3 cleavage is ATP-dependent
by introducing K210E substitution into the AX4GKS motif of the
NS3 protein. Results from internal cleavage assay demonstrated
that NS3(K210E) could still cleave the NS3(mHSS) substrate (data
not shown). This suggested that the subdomain from amino acid
residues 182 to 222 rather than the ATP-binding motif is important
for the internal NS3 cleavage activity. Together with the results
shown in Fig. 2B demonstrating potential roles of Y241-R470,
K213-R470, and K213-E337 interactions in the internal NS3 cleav-
age in trans, we concluded that, at least, Lys-213 in the NTPase do-
main is critical for the internal NS3 cleavage activity.
The minimum length of the NS3 protein required for HCV poly-
protein processing activity was also examined following a cotrans-
fection of plasmids encoding the NS3 deletion mutants, the NS4A,
and the processing substrate NS(4B-5An). As shown in Fig. 3B, all of
Fig. 4. The serine protease activity of NS3(1–402) is important for the cell
transforming activity. Plasmids encoding the wild type NS3(1–402) and its catalytic
triad mutant NS3(1–402)(mHSS) were independently transfected into NIH 3T3
cells. Fifty-thousand transiently transfected cells were used in the soft agar assay as
described previously [1]. Colonies were counted after incubation at 37 C for
4 weeks in a CO2 incubator. Relative transforming activities were calculated by
normalization of the colony numbers to that with the NS3(1–402) protein. Results
shown represent averages for three independent experiments (**P < 0.01).
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cess the NS(4B-5An) substrate, indicating that the protease domain
from amino acid residues 1 to 181 is sufﬁcient for the polyprotein
processing activity. The results that the NS3 protease domain,
NS3(1–181), retained a polyprotein processing activity but failed
to cleave NS3 internally suggest that mechanisms involved in these
two proteolytic cleavages are different.
3.3. An association between the protease activity and the transforming
ability of the major internal NS3 cleavage product NS3(1–402)
Previous studies have demonstrated that HCV NS3 protein has
cell transforming ability and can induce tumor formation in nude
mice [16,17]. In addition, the natural products NS3(1–402) and
NS3(1–462) derived from the internal NS3 cleavage have higher
transforming activities than the full-length NS3 [1,2]. Possible role
of the protease activity of NS3(1–402) in cellular transformation
was examined by performing soft agar colony formation assay with
the wild type NS3(1–402) and its catalytic triad mutant NS3(1–
402)(mHSS). The results demonstrated a reduced level of colony
formation with NS3(1–402)(mHSS) (Fig. 4), suggesting that the
protease activity of NS3(1–402) is important for its transforming
activity. Previous studies demonstrated that NS3 may inﬂuence
physiological responses and signaling pathways through binding
and cleaving of cellular factors. NS3 cleaves mitochondrial antiviral
signaling protein/interferon-b promoter stimulator 1 complex in
mitochondrion, and thereby inhibits the production of type-1
IFN-b and inﬂuences the JAK-STAT signaling pathway [18,19].
NS3 may also involve in the regulation of focal adhesion signaling
pathway [20]. Sequence analysis revealed several cellular factors
that might be the targets of the NS3 protease (data not shown).
These results support our hypothesis that proteolytic cleavage of
cellular factors by the NS3 protease is one of the mechanisms lead-
ing to the tumorigenesis of HCV.
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